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(54) Optical waveguide elements and a process for producing the same 



(57) A process for producing an optical waveguide 
element by thermally diffusing a metal element or a me- 
tallic compound into a substrate having a photoelectric 
effect, includes the steps of: forming a waveguide pat- 
tern on the substrate, said waveguide pattern compris- 



ing the metal element or the metallic compound; forming 
a film on a main plane of the substrate and covering the 
entire waveguide pattern, the film having an electro-op- 
tic effect; and effecting the thermal diffusion of the me- 
tallic element and the metallic compound. 
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Description 

Background of the Invention 

Field of the Invention 5 

[0001] The present invention relates to optical 
waveguide elements and a process for producing the 
same. More particularly, the invention relates to optical 
waveguide elements which may be favorably used, for 
example, as curved optical waveguide elements for op- 
tical modulators, optical wavelength converters, optical 
splitters, optical switches, etc., as well as to the process 
for producing such optical waveguide elements. 

Related Art Statement 

[0002] Recently, optical waveguide elements have 
been used for optical modulators, optical wavelength 
converters, optical splitters, optical switches, etc. 
[0003] Such an optical waveguide element is formed 
by thermally diffusing a doping material into a base ma- 
terial to vary a refractive index thereof, for instance ac- 
cording to a titanium diffusion method. 
[0004] Figs. 1 (a) and 1 (b) is a sectional view illustrat- 
ing a method for producing an optical waveguide efe- 
ment by diffusing titanium into lithium niobate as gener- 
ally used. 

[0005] As shown in Fig. 1(a), after a waveguide pat- 
tern 2 made of a titanium is formed on a substrate having 
an electro-optic effect by vapor deposition, an optical 
waveguide 3 is formed as shown in Fig. 1 (b) by ther- 
mally dispersing the above titanium into the substrate 1 
through heating the substrate 1 up to a given tempera- 
ture. 

[0006] However, when the optical waveguide is 
formed in this way, it has a semi-elliptical sectional 
shape. 

[0007] An actual optical fiber to be connected to such 
an optical waveguide element has a concentric section- 
al shape of a mode pattern with that of the optical 
waveguide element. Therefore, when an optical 
waveguide device is actually used in the state that the 
optical fiber is connected to the optical waveguide 3 hav- 
ing the semi-elliptical sectional shape as shown in Fig. 
1 (b), the coupling efficiency between them decreases 
and the light transmission loss increases owing to mode 
mismatching. 

[0008] The optical waveguides formed according to 
the conventional producing processes are in contact 
with air or materials having refractive indexes lower than 
that of substrates such as quartz at upper faces thereof. 
Therefore, highly surface-polishing techniques were re- 
quired to reduce the scattering loss caused by the sur- 
face roughness of the substrate materials. 
[0009] Attempts have been made to form curved op- 
tical waveguides as the above optical waveguides to im- 
prove integrality of the above optical devices (to de- 



crease the length of the devices). However, if such an 
optical waveguide is formed as mentioned above ac- 
cording to the conventional titanium diffusion method, 
the vertical asymmetry of the mode of the light propa- 
gating inside the optical waveguide is large. Therefore, 
the curved excess loss increases, and the light trans- 
mission loss becomes extremely large, so that the opti- 
cal device having fully high integrality cannot be formed. 
[0010] Further, the curved excess loss increases has 
large dependency upon polarization of light owing to the 
above asymmetry. Since the dependency of this loss up- 
on the polarization of light in the optical devices causes 
deviations in the device-insertion loss owing to devia- 
tions in the polarization of light of the incident light, it is 
desirable to reduce such dependency as much as pos- 
sible. 

Summary of the Invention 

[0011] The present invention relates to an optical 
waveguide element and a process for producing the 
same, which can reduce the light propagation loss and 
dependency of the light propagation loss upon polariza- 
tion of light. 

[001 2] The present invention relates to the process for 
producing an optical waveguide element by thermally 
diffusing a metal element or a metallic compound into a 
substrate having a photoelectric effect, comprising the 
steps of: forming a waveguide pattern on the substrate, 
said waveguide pattern comprising the metal element 
or the metallic compound; forming a film on a main plane 
of the substrate and covering the entire waveguide pat- 
tern, the film having an electro-optic effect; and effecting 
the thermal diffusion of the metallic element and the me- 
tallic compound into the substrate. 
[0013] The present invention also relates to the opti- 
cal waveguide-buried type element, comprising a sub- 
strate having an optoelectrical effect, and an optical 
waveguide formed by thermally diffusing a metal ele- 
ment or a metal compound, wherein a diffused concen- 
tration of the metal element or the metal compound is 
substantially symmetrical in vertical directions within a 
section of the optical waveguide and also substantially 
symmetrical in lateral directions from a center of the sec- 
tion of the optical waveguide, and the diffused concen- 
tration of the metal or the metallic compound decreases 
radially outwardly from the diffusion source as viewed 
from the center of the section of the optical waveguide. 
[001 4] The present invention will be appreciated upon 
reading the following description of the invention when 
taken in conjunction with the attached drawings, with the 
understanding that some modifications, variations and 
changes may be made by the skilled person in the art 
to which the invention pertains. 

Brief Description of the Drawings 

[001 5] For a better understanding of the invention, ref- 



15 



20 



25 



30 



35 



40 



45 



50 



2 



3 



EP 1 037 073 A2 



4 



erence is made to the attached drawings, wherein: 

Figs. 1(a) and 1(b) are sectional views illustrating 
the process for producing the optical waveguide el- 
ement by the conventional titanium diffusion meth- $ 
od; 

Figs. 2(a) to 2(c) are sectional views illustrating the 
process for producing an optical waveguide ele- 
ment according to the present invention; 
Fig. 3 is a diagram showing the curved excess loss- 
es of optical waveguide elements according to the 
present invention by way of examples; 
Fig. 4 is a diagram showing the curved excess loss- 
es of conventional waveguide elements by way of 
example; and 

Fig. 5 is a diagram showing the curved excess toss- 
es of conventional waveguide elements by way of 
other example. 

Detailed Description of the Invention 

[0016] Fig. 2(a) to Fig. 2(c) illustrates a process for 
producing the optical waveguide element according to 
the present invention in section. In Figs. 2, constituent 
parts are depicted in a manner different from a dimen- 
sional relationship of the actual optical waveguide ele- 
ment. 

[0017] As shown in Fig. 2(a), for example, a 
waveguide pattern 12 is formed from a metal such as 
titanium or a metallic compound on a substrate 11 hav- 
ing an electro-optic effect, made of such as a ferroelec- 
tric single crystal, by vapor deposition. Then, as shown 
in Fig. 2 (b), a film 13 having an electro-optic effect, for 
example made of such as the same material as that of 
the substrate 11 is formed on the substrate 11 by a liquid 
epitaxial method to cover the above waveguide pattern 
12. 

[001 8] Thereafter, the entire substrate 1 1 is heated to 
a given temperature and the substrate is kept there for 
a given period of time, so that the metal such as titanium 
or the metal element of the metallic compound consti- 
tuting the waveguide pattern 12 is dispersed into the film 
13 and the substrate at a constant diffusing speed to 
form an optical waveguide 14 having a sectional shape 
as shown in Fig. 2(c). 

[0019] According to the optical waveguide element- 
producing process of the present invention, as men- 
tioned above, the metal is thermally diffused into not on- 
ly the substrate but also the film, because the film having 
the electro-optic effect is formed on the substrate before 
the metal such as titanium is thermally diffused, and 
then the metal is thermally diffused. Therefore, the thus 
obtained electro-optic has not an elliptical shape as 
shown in Fig. 1 (b) but a shape as shown in Fig. 2(c) in 
which as shown in Fig. 2(c), the optical waveguide 
spreads in vertical directions, the diffused concentration 
of the metal is substantially symmetrical in vertical di- 
rections within a section of the optical waveguide and 



also substantially symmetrical in lateral directions of the 
center of a section of the optical waveguide, and the dif- 
fused concentration of the metal as the location goes 
radially outwardly from the diffusion source as viewed 
from the center of the section of the optical waveguide. 
[0020] Therefore, when the optical waveguide ele- 
ment having such an optical waveguide is connected 
with an optical fiber, the optical waveguide element ob- 
tained according to the producing process of the present 
invention can improve coupling efficiency and reduce 
the coupling loss with respect to the optical fiber, be- 
cause the sectional shape of the optical waveguide ap- 
proaches a mode pattern of the optical fiber. 
[0021] In addition, since the symmetry of the mode of 
the light propagating in the optical waveguide is en- 
hanced, the curved excess loss and the dependency up- 
on the polarization of light thereof can be reduced. 
[0022] Further, the scattering loss of the optical 
waveguide thus formed is reduced, because scratches 
at the substrate and at the metallic pattern shorter than 
a thermally diffusing distance are smoothed during the 
formation of a refractive index profile by the thermal dif- 
fusion. 

[0023] In the following, the present invention will be 
explained in detail with reference to specific embodi- 
ments in connection with the attached drawings. 
[0024] In this optical waveguide element-producing 
process of the present invention, a waveguide pattern 

12 made of a metal such as titanium or a metallic com- 
pound is formed on a substrate 11, and then a film 13 
having an electro-optic effect is formed on the substrate 
before the metal or the like constituting this waveguide 
pattern 12 is thermally diffused into the substrate 11 . 
[0025] If the metal or the like constituting the 
waveguide pattern 1 2 is thermally diffused into the sub- 
strate before the film 13 is formed, the metal diffuses 
into the substrate 11 alone. Consequently, the optical 
waveguide obtained exhibits a semi-elliptical sectional 
shape, so that the object of the present invention cannot 
be accomplished. 

[0026] Further, it is preferable to form tne film 1 3 hav- 
ing the electro-optic effect in such a manner that the film 

13 may cover the entire waveguide pattern 12. If the 
waveguide pattern 12 is nowhere covered with such a 
film 1 3 or partially is covered with no film, the metal or 
the like cannot uniformly diffuse into the film 13. Conse- 
quently, an optical waveguide 14 having a section ex- 
tended upwardly and downwardly as shown in Fig. 2(c) 
cannot be obtained. 

[0027] In the present invention, it is preferable that 
both of the substrate having the electro-optic effect and 
the film 1 3 having this effect are made of the same ma- 
terial. In this case, when the metal or the like constituting 
the waveguide pattern 1 2 thermally diffuses, its diffusing 
speed in the substrate 11 is equal to that in the film 13, 
the optical waveguide 14 having a section being sym- 
metrical in the vertical directions can be obtained as 
shown in Fig. 2(c). 
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[0028] In order to more effectively reduce the mis- 
matching between the optical fiber as aimed at by the 
present invention, the thus obtained optical waveguide 
14 having a width wise spread sectional shape has a ra- 
tio aTb of preferably 1 to 10, more preferably 1 to 2 in 
which "a" and "b" are a major axis and a minor axis of 
the section of the optical waveguide, respectively. 
[0029] Any material, which may be used for the sub- 
strate 11 in the present invention, is not limited to a spe- 
cific one. so long as the material has an electro-optic 
effect. For example, ferroelectric single crystals such as 
lithium nbbate (LiNb0 3 ) and lithium tantalum (LiTa0 3 ) 
may be recited. 

[0030] Further, the metallic element or the element in 
the metallic compound constituting the waveguide pat- 
tern 12 is not limited to any particular ones, so long as 
it can stably form an optical waveguide through diffusing 
into the substrate 1 1 and forming a compound having a 
refractory index greater than that of the material consti- 
tuting the substrate 11. Specifically, as the metal ele- 
ment, titanium, copper, zinc and chromium may be re- 
cited. As the metallic compound, oxides of the above 
metal elements may be recited. 
[0031] Further, the film 1 3 is not particularly limited to 
a specific one, so long as the film has the electro-optic 
effect as in the case of the substrate 1 1 . The same ma- 
terial as that of the substrate 1 1 may be used for the film 
13. Further, as mentioned above, if the same material 
as that of the substrate 11 is used for the film 13, the 
optical waveguide 14 having a vertically symmetrical 
sectional shape as shown in Fig. 2(c) can be obtained. 
[0032] The formation of the waveguide pattern 12 is 
not particularly limited to a specific one, and the pattern 
may be formed by using an arbitrary method. The 
waveguide pattern 12 is generally formed as follows. 
[0033] After a substrate is coated with a photoresist 
by a spin coater, a photoresist mask is formed in con- 
formity with the waveguide pattern 12 by using a photo- 
lithographic technique and etching technique. 
[0034] Then, after a metal such as titanium or a me- 
tallic compound such as titanium oxide is heaped onto 
the substrate 1 1 through the above mask by vapor dep- 
osition, sputtering, ion plating and CVD, the waveguide 
pattern 1 2 as shown in Fig. 2(a) is obtained by dissolving 
out the mask with a solvent such as acetone. 
[0035] The formation of the film 1 3 having the electro- 
optic effect is not particularly limited to any method, but 
an arbitrary method may be employed depending upon 
properties of a material to be used for the film 1 3. How- 
ever, if the film 1 3 is made of a ferroelectric single crys- 
tal, a liquid phase epitaxial method is preferably used, 
because a uniform and relatively thick film as shown in 
Fig. 2(b) can be readily formed in a short time. 
[0036] In order to thermally diffuse the metal or the 
like constituting the waveguide pattern 12 into the sub- 
strate 11 and the film 13, the substrate on which the 
waveguide pattern 12 and the film 13 are lormed as 
shown in Fig. 2(b) is placed in a high-temperature elec- 



tric furnace, for example, and heated at preferably 600 
to 1 200°C, more preferably 900 to 1000°C for preferably 
1 to 100 hours, more preferably 3 to 10 hours. 
[0037] On the other hand, if the film 1 3 is formed from 

5 a ferroelectric single crystal by the liquid phase epitaxial 
method, the substrate 11 is heated to around 700 to 
1000°C during the formation of the film 13. Therefore, 
when the substrate is held for a given time period in a 
liquid phase epitaxial apparatus after the formation of 

io the film 13, the metal or 'the like constituting the 
waveguide pattern 12 can be further thermally diffused. 
Therefore, this can remarkably simplify the steps of pro- 
ducing the optical waveguide element. 



[0038] In the following, the present invention will be 
more concretely explained based on Examples in con- 
nection with the drawings. 

20 

Example 1 

[0039] X-cut lithium nbbate was used as a substrate, 
a photo-resist mask was formed on the substrate by the 
method mentioned above, titanium was deposited on 
the substrate via this mask, and a waveguide pattern 12 
having a width of 6 um and a thickness of 0.25 \sxx\ as 
shown in Fig. 2(a) was formed. 
[0040] Then, a film of lithium niobate single crystal 
was formed in a thickness of 20 um at a film-forming 
temperature of 900°C by the liquid phase epitaxial meth- 
od. 

[0041] Observation of the resulting assembly in sec- 
tion with a metallurgical microscope at this point of time 
revealed that the waveguide made of titanium main- 
tained its rectangular sectional shape, and that the as- 
sembly had a structure as shown in Fig. 2(b). That is, it 
was revealed that titanium constituting the waveguide 
pattern 12 was not thermally diffused into the substrate 
11 and the film 13 at the point of time when the film 13 
was formed by the liquid phase epitaxial method. 
[0042] Thereafter, the titanium was thermally diffused 
into the substrate 11 and the film 13 by placing the as- 
sembly in a high-temperature electric furnace and heat- 
ing it at 1000°C for 10 hours. 

[0043] Observation of the thus obtained optical 
waveguide element in section with the metallurgical mi- 
croscope in the same manner as above revealed that 
the optical waveguide 14 had a sectional shape as 
shown in Fig. 2(c) which was symmetrical in vertical di- 
rections. Actual measurement of dimensions of the op- 
tical waveguide 14 with the microscope revealed that 
the optical waveguide had an elliptical sectional shape 
laterally wide at a ratio a/b of 1 .5 with "a" and 'b' being 
a major axis and a minor axis, respectively. 
[0044] A propagation loss due to scattering, etc. was 
0.1 dB/cm, and a fiber-coupling loss was 0.4 dB, includ- 
ing a Fresnel loss. 



*5 Examples 



30 



35 



40 



45 



50 



4 



7 



EP 1 037 073 A2 



8 



Example 2 

[0045] A plurality of optical waveguide elements hav- 
ing respective optical waveguides with different radii of 
curvature were formed in the same producing process $ 
as in Example 1 . 

[0046] After each of these optical waveguide ele- 
ments was connected to an optical fiber, and light waves 
having a wavelength of 1 .55 u/n were led to the optical 
fiber, and a curved excess loss of the optical waveguide 
element was measured, which revealed that as shown 
in Fig. 3, a minimum allowable radiusof curvature to give 
the excess loss of not more than 0.1 dB/cm was about 
5 mm for both a TE mode and a TM mode. The depend- 
ency of the toss upon the polarization of the light was 
0.01 dB/mm or less as a measurable limit at the radius 
of curvature of mot less than 7 mm. 

Comparative Example 1 

[0047] An optical waveguide element was formed in 
the same manner as in Example 1 except that a film 1 3 
made of a single crystal of lithium niobate was not 
formed. 

[0048] Observation of the thus obtained optical 
waveguide element in section with the metallurgical mi- 
croscope in the same manner as above revealed that 
the optical waveguide had the same elliptical sectional 
shape as that of the optical waveguide 3 as shown in 
Fig. 1(b). 

[0049] The propagation loss was 0.2 dB/cm, and the 
fiber-coupling loss was 0.9 dB, including a Fresnel loss. 

Comparative Example 2 

[0050] A plurality of optical waveguide elements hav- 
ing respective optical waveguides with different radii of 
curvature were formed in the same producing process 
as in Comparative Example 1 . 
[0051] After each of these optical waveguide ele- 
ments was connected to an optical fiber, and light waves 
having a wavelength of 1 .55 um were led to the optical 
fiber, and a curved excess loss of the optical waveguide 
element was measured, which revealed that as shown 
in Fig. 4, a minimum allowable radius of curvature to give 
the excess loss of not more than 0.1 dB/cm was 32 mm 
for a TE mode and 32 for a TM mode. The dependency 
of the loss upon the polarization of the light was 0.01 
dB/mm or less as a measurable limit at the radius of cur- 
vature of not less than 55 mm. 

Comparative Example 3 

[0052] An optical waveguide element was formed in 
the same manner as in Example 1 except that the order 
of the formation of a film 13 and thermal diffusion of ti- 
tanium was reversed, and that after titanium was ther- 
mally diffused into a substrate 11 under the same con- 



dition as in Example 1 , the film 1 3 was formed under the 
same condition as in Example 1 by the liquid phase epi- 
taxial method. 

[0053] Observation of the thus obtained optical 
waveguide element in section with the metallurgical mi- 
croscope in the same manner as above revealed that 
the optical waveguide had the same elliptical sectional 
shape as that of the optical waveguide 3 as shown in 
Fig. 1(b). The propagation loss was 0.2 dB/cm, and the 
fiber-coupling loss was 0.6 dB, including a Fresnel loss. 

Comparative Example 4 

[0054] A plurality of optical waveguide elements hav- 
ing respective optical waveguides with different radii of 
curvature were formed in the same producing process 
as in Comparative Example 3. 
[0055] After each of these optical waveguide ele- 
ments was connected to an optical fiber, and light waves 
having a wavelength of 1 .55 ujti were led to the optical 
fiber, and a curved excess loss of the optical waveguide 
element was measured, which revealed that as shown 
in Fig. 5, a minimum allowable radius of curvature to give 
the excess loss of not more than 0.1 dB/cm was 28 mm 
for a TE mode and 47 for a TM mode. The dependency 
of the loss upon the polarization of the tight was 0.01 
dB/mm or less as a measurable limit at the radius of cur- 
vature of not less than 47 mm. 
[0056] As mentioned above, as is clear from Example 
1, Comparative Example 1 and Comparative Example 
3, the optical waveguides of the optical waveguide ele- 
ments obtained by the producing process of the present 
invention have elliptical sectional shapes which are ver- 
tically symmetrical. 

[0057] As is clear from Example 2, and Comparative 
Examples 2 and 4, that optical waveguide element ob- 
tained by the producing process of the present invention 
which has the sectional shape as shown in Fig. 2(c) ex- 
hibits excellent mode-matching with the optical fiber, 
and the curved excess loss of the element and the de- 
pendency upon the polarization of light thereof can be 
reduced, even when the producing process is applied 
to the curved waveguide and the radius of curvature of 
the optical waveguide is reduced. 
[0058] As mentioned above, although the present in- 
vention has been explained in detail with respect to the 
specific embodiments of the invention by reciting the 
concrete examples, the present invention is not limited 
to the above explanation, variations and changes may 
be effected without falling outside the scope of the 
present invention. 

[0059] As having been explained in the above, ac- 
cording to the optical waveguide element and the proc- 
ess for producing the same in the present invention, the 
optical waveguide element having the optical 
waveguide with the sectional shape symmetrical in the 
vertical directions and also symmetrical in right and left 
directions relative to the center as viewed in section can 
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be obtained. Therefore, the optical device having excel- 
lent matching with the optical fiber as well as high cou- 
pling efficiency can be obtained. 
[0060] Owing to this, increase in the curved excess 
loss can be reduced, even when the optical waveguide 
element and the producing process thereof are applied 
to the curved optical waveguides and the radius of cur- 
vature thereof are reduced. As a result, the optical 
waveguide element which can enhance the integrality 
of the device and gives smaller variations in the device- 
insertion loss against deviations in the incident light po- 
larization of light can be obtained. 



Claims 

1. A process for producing an optical waveguide ele- 
ment by thermally diffusing a metal element or a me- 
tallic compound into a substrate having a photoe- 
lectric effect, comprising the steps of: forming a 
waveguide pattern on the substrate, said 
waveguide pattern comprising the metal element or 
the metallic compound; forming a film on a main 
plane of the substrate and covering the waveguide 
pattern, the film having an electro-optic effect; and 
effecting the thermal diffusion of the metallic ele- 
ment or metallic compound. 

2. The optical waveguide element-producing process 
set forth in claim 1, wherein the substrate and the 
film each having the electro-optic effect comprise 
an identical material. 

3. The optical waveguide element-producing process 
set forth in claim 1 or 2, wherein the film having the 
electro-optic effect comprises a ferroelectric single 
crystal. 

4. The optical waveguide element-producing process 
set forth in claim 3, wherein the film having the elec- 
tro-optic effect is formed by a liquid phase epitaxial 
method. 

5. The optical waveguide element-producing process 
set forth in claim 4, wherein the metal element or 
the metallic compound is thermally diffused into the 
substrate simultaneously with the formation of the 
film having the electro-optic effect thereon. 

6. An optical waveguide element, comprising a sub- 
strate having an electro-optic effect, and an optical 
waveguide formed by thermally diffusing a metal el- 
ement or a metal compound, wherein a diffused 
concentration of the metal element or the metal 
compound is substantially symmetrical in vertical 
directions within a section of the optical waveguide 
and also substantially symmetrical in lateral direc- 
tions from a center of the section of the optical 



waveguide, and the diffused concentration of the 
metal or the metallic compound decreases outward- 
ly from the metal or the metallic compound as 
viewed from the center of the section of the optical 
5 waveguide. 

7. The optical waveguide element set forth in claim 6, 
wherein the optical waveguide has an elliptical sec- 
tional shape with a ratio a/b of 1 to 10 in which "a" 
10 and "b" are a major axis and a minor axis of the el- 
liptical sectional shape. 
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(54) Optical waveguide elements and a process for producing the same 



(57) A process for producing an optical waveguide 
element by thermally diffusing a metal element or a me- 
tallic compound into a substrate having a photoelectric 
effect, includes the steps of: forming a waveguide pat-, 
tern on the substrate, said waveguide pattern compris- 



ing the metal element or the metallic compound; forming 
a film on a main plane of the substrate and covering the 
entire waveguide pattern, the film having an electro-op- 
tic effect; and effecting the thermal diffusion of the me- 
tallic element and the metallic compound. 
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